The prototypical PrP prion diseases are invariably fatal, and the search for agents to treat them spans more than 30 years, with limited success. However, in the last few years, the application of high-throughput screening, medicinal chemistry, and pharmacokinetic optimization has led to important advances. The PrP prion inoculation paradigm provides a robust assay for testing therapeutic efficacy, and a dozen compounds have been reported that lead to meaningful extension in survival of prion-infected mice. Here, we review the history and recent progress in the field, focusing on studies validated in animal models. Based on screens in cells infected with mouse-passaged PrP prions, orally available compounds were generated that double or even triple the survival of mice infected with the same prion strain. Unfortunately, no compounds have yet shown efficacy against human prions. Nevertheless, the speed of the recent advances brings hope that an effective therapeutic can be developed. A successful treatment for any neurodegenerative disease would be a major achievement, and the growing understanding that the more common neurodegenerative diseases, including Alzheimer's and Parkinson's, progress by an analogous prion mechanism serves to highlight the importance of antiprion therapeutics.
T he prototypical PrP prion diseases are rapidly progressive and fatal neurodegenerative disorders. They are caused by the conformational change of the cellular prion protein (PrP C ) into an alternative form, termed PrP Sc , which then templates further misfolding of PrP C . This induced conformational self-propagation is now understood to play a central role in many neurodegenerative diseases including Alzheimer's and Parkinson's (Prusiner 2012; Walker and Jucker 2015) . Unique among neurodegenerative disorders, PrP prion diseases are also found in commercially important animal species, including scrapie in sheep, chronic wasting disease (CWD) in deer, and bovine spongiform encephalopathy (BSE) in cattle.
Most human PrP prion diseases have no clear origin and are considered sporadic. They occur from an initial stochastic conversion of PrP C to PrP phism at residue 129 of human PRNP results in methionine (M) or valine (V), with an allele frequency of 0.6/0.4. Heterozygosity is protective; MM and VV homozygous individuals account for almost 90% of sCJD cases (Parchi et al. 1999 ). More than 60 mutations have been identified in the open reading frame of the PRNP gene that encodes PrP (Minikel et al. 2016) , which increase the likelihood of stochastic PrP C to PrP Sc conversion and account for the 15% of CJD cases with a genetic etiology. Different mutations produce distinct phenotypes, such as with Gerstmann -Sträuss-ler-Scheinker syndrome, fatal familial insomnia, or familial CJD. Intriguingly, a relatively small number of PrP prion disease cases have been identified with an infectious etiology, in which the refolding cascade is initiated by exogenous PrP Sc . Infection may occur from consumption of prion-infected tissue, as with endocannibalism, which led to the spread of kuru among the Fore people of Papua New Guinea (Collinge et al. 2006) , and BSE-contaminated cattle, which led to the variant CJD epidemic in Europe (Diack et al. 2014) . Although variant CJD only manifests clinically in MM homozygous individuals, estimates of nonsymptomatic carriers are as high as one in 2000 in the British population (Gill et al. 2013) . In addition, a number of well-documented CJD cases have an iatrogenic origin, the vast majority of these stemming from the use of cadaver-derived tissues that, without clinicians' knowledge, contained CJD prions. Additionally, a handful of cases have also occurred from the reuse of incompletely decontaminated surgical instruments (Haïk and Brandel 2014) .
Experimental Models
The observation that the neuropathology of kuru resembled that of CJD (Klatzo et al. 1959) and scrapie (Hadlow 1959 ) led Hadlow to suggest that kuru may be transmissible to primates, as sheep scrapie had been shown to be transmissible to goats (Cuillé and Chelle 1939) . Inoculation experiments with human PrP prions were subsequently performed by Carleton Gajdusek and colleagues, demonstrating that kuru (Gajdusek et al. 1966) and CJD (Gibbs et al. 1968 ) could be transmitted experimentally.
However, it was the transmission of sheep scrapie to mice (Chandler 1961 ) by intracerebral inoculation of brain homogenate that generated experimentally tractable models for the study of prions in the laboratory. The Chandler isolate was transferred to the Rocky Mountain Laboratories and was serially passaged in mice and widely distributed (it has subsequently been referred to by the acronym RML). Intracerebral inoculation of prion-infected brain homogenate was shown to be the most rapid model of transmission. However, even then the disease is characterized by an asymptomatic phase that can last many months, followed by a rapidly progressive illness. Despite these long incubation periods, disease onset is highly synchronous within a cohort of mice inoculated at the same time. Mice typically show clinical signs within a few days of one another. Transmission of prions between species is generally inefficient, often accompanied by extended incubation periods and only a portion of animals succumbing to disease. The self-templating mechanism of prion propagation implies that prions have the primary sequence of the species in which they were last passaged. Subsequent serial transmission, in which the inoculum and host PrP sequence are the same, typically progresses faster, with all animals succumbing to disease.
Prion-infected mice are characterized by multiple metrics: incubation period (time to onset of clinical disease); biochemical resistance of brain tissue to proteinase K (PK) digestion and guanidine hydrochloride (GdnHCl) denaturation; and neuropathologically by intensity and distribution of vacuolation and by immunohistochemistry for PrP and the glial fibrillary acidic protein (GFAP). One early finding of mouse-passaged prions was that there appeared to be multiple prion "strains," each producing a characteristic incubation period and neuropathological and biochemical signatures that remained constant upon serial transmission. For many years, this phenomenon was used to justify a nucleic acid component to the prion, but none was ever found (Safar et al. 2005) . Strains are now understood to arise from alternative conformations of PrP Sc (Bessen and Marsh 1994; Telling et al. 1996) . Although some strain characteristics are retained upon interspecies transmission, others can differ.
The infection of mouse neuroblastoma cells with mouse-passaged sheep scrapie (Race et al. 1987; Butler et al. 1988; Race et al. 1988 ) provided tools that could be used in assays. Subsequently, other prion-infected mouse cell lines were developed, including GT1 (Schätzl et al. 1997) , 3T3 (Vorberg et al. 2004) , and LD9 and CAD5 (Mahal et al. 2007) ; however, in all cases, cell lines are limited in the range of prion strains that they propagate.
Although a handful of mouse-passaged human prion strains were developed in mice and used to infect cells, none were shown to fully maintain the properties of the original human prions (Giles et al. 2017) . No cell line has yet been developed for the direct propagation of human prions, but transgenic (Tg) mouse models have been established. Mice expressing transgenes chimeric for human and mouse PrP are susceptible to CJD prions, whereas in those with a human PrP transgene, CJD infection was only successful when the endogenous mouse PrP was ablated (Telling et al. 1994 (Telling et al. , 1995 . These initial chimeric lines retained nine human PrP residues, and systematic reversion of these residues enabled the development of Tg mice with shorter incubation periods for CJD prions (Korth et al. 2003; Giles et al. 2010 Giles et al. , 2012 .
HISTORY OF PRION THERAPEUTICS
Because the central nervous system (CNS) is the site of cellular dysfunction in prion diseases, potential therapeutic compounds must either cross the blood -brain barrier (BBB) or be delivered by intraventricular or intrathecal means.
Polyanions
Early attempts to treat prion diseases used a variety of large polyanionic compounds, including the polyoxometalate HPA-23 (Kimberlin and Walker 1983 ) and the sulfated glycans dextran sulfate 500 (DS500) and pentosan polysulfate (PPS) (Ehlers and Diringer 1984) . In all cases, survival was only extended in peripherally inoculated (but not intracerebrally inoculated) mice and even then only when the treatment was given prophylactically or shortly after inoculation. Additional prophylactic studies were performed with PPS, showing differences in efficacy with inoculum titer, mouse background, and prion strain (Diringer and Ehlers 1991; Farquhar et al. 1999 ). However, it was only following a comprehensive set of studies using intraventricular delivery of PPS by the Katsumi Dohura group (2004) that led to the progression of PPS into the clinic. In a Tg mouse overexpressing hamster PrP, intraventricular PPS administered 10 d after inoculation ( 20% of the untreated incubation period) more than doubled the survival of prion-infected mice. Even an intervention at as late as 70% of the untreated incubation period produced a significant increase in survival (Doh-ura et al. 2004 ). In the clinical setting, intraventricular PPS was provided on a compassionate basis to a number of CJD patients. Although there was no apparent improvement in the clinical progression of the disease, a number of patients did survive longer than expected (Bone et al. 2008; Tsuboi et al. 2009; Newman et al. 2014) . However, extending the late stages of disease when patients were typically in a vegetative state is of questionable benefit.
Small-Molecule Therapeutics
Early therapeutic studies were based on the assumption that the infectious agent in prion diseases was a virus, and the efficacy of various polyanions may have been nonspecific. A more rational route to drug design came with the understanding of the prion concept. Congo red (Fig. 1A ) was known to bind to purified prions (Prusiner et al. 1983 ) and was found to inhibit prion replication in cell culture (Caughey and Race 1992) . In prion-inoculated hamsters, Congo red produced a small increase in survival, most notably following peripheral inoculation (Ingrosso et al. 1995) . Based on the anionic sulfate esters present on DS500, PPS, and Congo red, phthalocyanine sulfonates were tested and found to be effective in prion-infected cells, as were ferric porphyrin derivatives with two pendant propionate groups (Fig. 1B) (Caughey et al. 1998) . These compounds were subsequently shown to extend survival in vivo, but only in peripherally inoculated mice when dosing was started immediately after inoculation (Priola et al. 2000) .
Because the BBB restricts the access of many molecules to the CNS, we and others screened compounds known to cross the BBB for their efficacy in prion-infected cells, which led to the identification of quinacrine (Fig. 1C) (Doh-ura et al. 2000; Korth et al. 2001) . In two mouse neuroblastoma cell lines, the effective concentration for half-maximal inhibition (EC 50 ) of quinacrine was 0.3 mM (Doh-ura et al. 2000; Korth et al. 2001) . Preliminary studies of quinacrine intervention in prion-infected wild-type (WT) mice showed no extension in survival (Collins et al. 2002; Barret et al. 2003; Doh-ura et al. 2004) . Pharmacokinetic analysis subsequently revealed that, depending on dosing paradigm, quinacrine concentrations in the brain only reached 1 mM (Yung et al. 2004; Ghaemmaghami et al. 2009; Ahn et al. 2012 ).
Because quinacrine had been used safely for decades as an antimalarial drug, clinical trials in patients were initiated in parallel with the mouse studies. A trial in France consisted of a series of compassionate use cases (Haïk et al. 2004) . A second study in the United Kingdom was an open-label, patient-preference trial (Collinge et al. 2009) , and a third in the United States was a placebo-controlled randomized clinical trial (Geschwind et al. 2013) . In each case, survival was the end point, but none of the trials yielded a significant difference upon quinacrine treatment.
The restricted penetration of quinacrine through the BBB was determined to be due to active efflux by the P-glycoprotein (P-gp) (Dohgu et al. 2004; Huang et al. 2006) . P-gp is also known as multidrug resistance protein 1 (MDR1) in human (of which the mouse has two homologs, Mdr1a and Mdr1b). Shortterm dosing of quinacrine in mice in which both Mdr1 proteins had been knocked out, termed Mdr1 0/0 , showed brain levels up to 50-fold higher than WT mice (Huang et al. 2006) . Longer-term dosing of quinacrine in Mdr1 0/0 mice produced brain levels up to 100 mM with- out any overt signs of toxicity (Ghaemmaghami et al. 2009; Ahn et al. 2012) . However, multiple quinacrine treatment paradigms in Mdr1 0/0 mice failed to extend survival in prion-infected mice (Ghaemmaghami et al. 2009 ).
More careful analysis suggested a reason for quinacrine's failure. Mdr1 0/0 mice infected with the RML prion strain were dosed with quinacrine at 40 mg/kg per day starting at 60 days postinoculation (dpi). By 75 dpi, mouse brains had significantly lower levels of PrP Sc , as measured by western blot and enzyme-linked immunosorbent assay (ELISA), and greatly reduced GFAP immunoreactivity in brain slices compared with untreated mice. However, the reduction was transient. By 90 dpi, treated and untreated mice were indistinguishable biochemically and neuropathologically, and survival was ultimately not extended (Fig. 2) . However, analysis of the brains of quinacrine-treated mice showed subtle differences from controls; there was a change in the susceptibility to denaturation with GdnHCl and in the ability of PrP Sc conformers to differentially bind antiPrP antibodies before and after denaturation as determined by a conformation-dependent immunoassay. Together, these findings suggest that quinacrine treatment may have altered the prion strain (Ghaemmaghami et al. 2009) .
A series of biaryl hydrazone compounds that showed efficacy inhibiting Alzheimer's disease b-amyloid formation were tested in ScN2a cells, mouse N2a cells infected with the RML prion strain of mouse-passaged sheep scrapie (Butler et al. 1988) . One compound, termed Compound B (CmpdB) (Fig. 1D ), had cellular EC 50 values of 60 pM in ScN2a cells and 300 nM in two ScN2a cell lines overexpressing PrP. Long-term dosing with CmpdB doubled survival of RML-infected mice. Lower efficacy was observed against other prion strains in cell culture, and these results were replicated in vivo ).
The studies on CmpdB marked a turning point in prion drug discovery efforts. It represented the first time in which an orally delivered small molecule greatly extended survival of intracerebrally inoculated mice.
HIGH-THROUGHPUT SCREENING Dividing Cells
In an effort to identify novel inhibitors of prion formation, we designed a phenotypic screen for antiprion compounds because at least three potential mechanisms exist to reduce PrP Sc : reduction of PrP C , disaggregation of existing PrP Sc , or inhibition of PrP Sc formation. We developed an ELISA to measure the amount of PK-resistant PrP in ScN2a cells following incubation with compound at 5 mM and counterscreened for cell toxicity. Using a 96-well format, we screened a diverse library of approximately 10,000 compounds. Primary hits were defined as compounds that reduced PrP Sc by .50% while reducing cell viability by ,30%. After retesting compounds, we identified 121 confirmed hits, which fell into four structural classes: 2-aminothiazoles (2-AMT), quinazolines, hydroxyquinolines, and benzoxazoles. Other commercially available 2-AMTanalogs were also efficacious in the cell assay (Ghaemmaghami et al. 2010a) . We then refined the assay using an N2a cell line overexpressing mouse PrP, termed clone 3 (Ghaemmaghami et al. 2010b) , that was infected with the RML prion strain and serially passaged. Prion-infected cells are referred to as ScN2a-cl3. EC 50 values determined in ScN2a-cl3 cells were typically 10-fold higher than those in ScN2a cells and thus represent a more stringent test of antiprion action (GallardoGodoy et al. 2011) . Utilizing the ScN2a-cl3 cell assay, we screened an additional approximately 50,000 compounds and identified 10 new chemical scaffolds ).
Additional High-Throughput Screens
To complement the screen of dividing ScN2a-cl3 cells, we arrested cell division by adding sodium butyrate. From a screen of approximately 50,000 compounds in stationary phase ScN2a-cl3 cells, we identified only 55 confirmed hits, representing three chemical lead series: piperazines, indoles, and ureas . Unfortunately, the majority of hits were weak: Out of the six confirmed hits tested for potency, only one produced an EC 50 value less than 10 mM, which was weakly potent with an EC 50 of 7.5 mM ). In the stationary phase, cell catabolism is the sole route for prion clearance because PrP Sc is not reduced by cell division (if only compounds working by this mechanism were identified, it would explain the lower hit rate in these cells).
Mice heterozygous for the prion protein have dramatically extended incubation periods (Büeler et al. 1994) , so even a modest reduction in PrP C levels should have a large impact on survival. We selected human glioblastoma (T98G) and neuroblastoma (IMR32) cell lines, and screened a library of approximately 45,000 compounds for those that led to a reduction of cell surface PrP C by 30% or more. We identified 138 confirmed hits in T98G cells and 114 confirmed hits in IMR32 cells (Silber et al. 2014) . To complement confirmed hits from the PrP C reduction screen, we identified structurally related analogs, and more than 300 compounds were tested for full dose -response curves in both T98G and IMR32 cell lines. Only studies in T98G cells identified compounds that reduced PrP C without negatively affecting cell viability. Of 32 hits with EC 50 values less than 10 mM, representing six chemical scaffolds, 28 were evaluated in vivo in pharmacokinetic studies. In all cases, brain levels were only detectable following intraperitoneal but not oral dosing (Silber et al. 2014 ).
STRUCTURE -ACTIVITY RELATIONSHIPS AND PHARMACOKINETICS

2-Aminothiazoles
EC 50 values determined using the ScN2a-cl3 dividing cell assay were reproducible, allowing structure-activity relationships (SARs) to be assigned with some confidence (Gallardo-Godoy et al. 2011). Based on guidelines for potential CNS activity of small molecules (Hitchcock and Pennington 2006) , we undertook a systematic exploration of 2-AMT SARs. In addition to understanding tolerated and preferred modifications to the A-and C-rings (Fig. 3 ), selected compounds were tested in vitro to measure microsomal stability and to determine whether they were substrates of P-gp. A lead compound with a cellular EC 50 value in the ScN2a-cl3 assay of 1 mM was shown to reach a maximal concentration (C max ) of 25 mM in the brains of treated mice (Gallardo-Godoy et al. 2011) .
A series of optimized 2-AMTs were subsequently analyzed by a battery of in vitro assays and in vivo pharmacokinetic studies. Solubility, microsomal stability, cell permeability, cytochrome P450 phenotyping, and free fraction determinations were performed. For singledose pharmacokinetics, brain and plasma com-pound levels were determined at multiple time points following gavage of compounds dosed at 10 mg/kg or intravenous dosing at 1 mg/kg. In addition to the C max value, the area under the concentration -time curve to the last determined point (AUC last ) was determined as a measure of exposure. Compounds can have similar C max values, but depending on the rate of clearance, they can have different AUC last values. A compound with a slower clearance and thus larger AUC last has a more sustained exposure. Of the 27 2-AMTs tested in a singledose pharmacokinetic study, 10 with good ratios of AUC last to their respective EC 50 values were advanced to longer-term feeding studies. We used a paradigm of mixing compounds with a complete liquid diet because this represents the least invasive way to dose animals for extended periods of many months. Initial feeding studies were performed for 3 d, with samples collected 3 h after the end of the last dark cycle, and thus represent pseudo steady-state rather than peak concentrations. These studies identified two compounds, IND24 and IND81 (Fig.  4) , as lead candidates for efficacy studies .
In parallel with extensive in vivo experiments, we continued to optimize the pharmacotherapeutic properties of 2-AMTs and were able to increase potency in the cell assay while maintaining the good pharmacokinetic profile of earlier leads. In one series, containing a phenoxazole C-ring analogous to CmpdB, we identified two compounds, IND125 and IND126, with submicromolar potency in the ScN2a-cl3 cell assay (Fig. 4) . Quantum mechanical calculations of IND24 suggested that although the A-B ring system was coplanar the lowest energy conformation of the terminal phenyl attached to the A-ring was out of plane, suggesting it may have less rigid requirements (Li et al. 2013c ). To explore this further, we tested diverse heteroaryl and heterocyclic substitutions at this terminal ring, which yielded the pyridine-3-yl analog of IND24, IND114338 (Fig. 4) with an EC 50 of 68 nM, and good brain exposure following oral dosing (Li et al. 2013c ). In parallel, we explored SARs around the C-ring and found that small aliphatic amides, particularly cyclopropylamide, were effective, ultimately leading to IND126461 (Fig. 4) with 70 nM potency in the cell assay (Li et al. 2013c ).
Aryl Piperazines
From the high-throughput screening (HTS) of more than 50,000 compounds, we identified 881 aryl piperazine analogs, 108 of which reduced PrP Sc levels in ScN2a-cl3 cells by 30%. The most active of these were N-aryl piperazines with a para-methyl ketone group, whereas compounds with other electron-rich or electrondeficient substituents were inactive. In SAR studies, we first sought to replace the ketone with a 1,3-oxazole, which could similarly act as a hydrogen bond acceptor. In parallel, we synthesized the analogous benzoxazoles. All compounds with the oxazole functionality were weakly active, whereas the benzoxazoles had good potency in the ScN2a-cl3 cell assay . Further optimization led to a range of aryl piperazines with high potency and good brain exposure and metabolic stability (Table 1) .
Aryl Amides
To build a pharmacophore model of PrP Sc leads, we started with 440 compounds for which EC 50 values had been determined in ScN2a-cl3 cells. These were divided into 274 actives (EC 50 , 10 mM) and 166 inactives (EC 50 10 mM), and pharmacophore modeling was performed using PHASE software (Dixon et al. 2006 ). More than half the active compounds fell within a four-site pharmacophore model of two aromatic rings linked by a hydrogen bond acceptor and a hydrogen bond donor . This pharmacophore structure is consistent with a biaryl amide.
Because initial 2-AMT leads had poor aqueous solubility, we focused on improving this and other drug-like physicochemical characteristics for the aryl amides. One screening hit, IND28484, had an N-benzylpiperazine substituent at the para position of the aniline moiety (Fig. 5) . The piperazine group has a pK a of 8 and is therefore protonated at physiological pH conferring greater solubility. From other aryl amide hits, we observed that compounds with at least one biaryl in a linear or fused fashion were more potent. Introducing a biaryl group on the carbonyl side of the screening hit and varying the N-linked substituent on the piperazine led to IND116133 (Fig. 5) , with an EC 50 value of 22 nM in the ScN2a-cl3 cell assay (Li et al. 2013b) . Although CmpdB showed good efficacy in extending survival of prion-infected mice, the hydrazone functionality is a potential liability, because hydrolysis yields an aryl hydrazine, a toxic metabolite, and carcinogen (Powell and Gannett 2002) . We therefore explored the SAR around the aryl amide analog of CmpdB. Introduction of electron-donating groups onto the carbonyl aryl ring improved potency; however, these compounds led to poor brain exposure, which was likely due to low metabolic stability as determined by incubation in mouse and human liver microsomes. To improve metabolic stability and pharmacokinetics, we introduced a cyclopropyl group at the 2-position of the oxazole to prevent oxidation at this site, leading to compounds such as IND114378 with an AUC last of 16.8 mM . h (Fig. 5) .
In addition to the N-aryl piperazine and Naryl oxazoles, we also explored SARs for the Naryl heterocycles and N-linked cyano benzyl series (Giles et al. 2016) . Based on N-aryl benzothiazole and N-aryl benzoxazole hits, we first tested a range of commercially available analogs. In the N-aryl benzothiazole series, a 6-methyl substituent on the benzothiazole ring in combination with a furyl amide was determined to be important for potency (Giles et al. 2016 ). Single-dose pharmacokinetics by oral gavage showed that IND114431 (Fig. 5) had the highest brain exposure for this scaffold. For the N-aryl benzoxazole series, a methylpiperazyl nicotinamide analog, IND116135 (Fig. 5) , had the best combination of potency and exposure. Various carbonyl linked aryl substituents tested on an N-(4-cyanophenyl) backbone had sub-100-nM potency, and a derivatized 3-phenylpyridine, IND126256 (Fig. 5) have the best brain exposure of the series (Giles et al. 2016 ).
EFFICACY
The log-rank (Mantel-Cox) test is typically chosen to compare survival of two groups (e.g., control and treated); however, its interpretation for prion survival studies can be problematic. A group of prion-inoculated mice typically shows onset of neurological disease within a few days of one another, giving a very sharp drop-off in the survival curve. Small differences between survival curves can be highly statistically significant by log-rank but experimentally meaningless if this difference could be accounted for by interexperiment variability. Such analyses are also insensitive to the magnitude of any difference: Nonoverlapping survival curves can have the same level of significance whether the gap between survival curves is a few days or a year. To enable comparison of treatments between different prion strains and mouse models that are characterized by different incubation periods, we introduced the metric of "survival index" as the ratio of vehicle-to drug-treated incubation periods (all other variables being equal), multiplied by 100 (Berry et al. 2013) . A treatment that increases survival by 50% therefore has a survival index of 150.
Monitoring Disease Progression In Vivo
Although extension of survival is an unambiguous metric of efficacy, WT mice typically take 4 mo or more to develop clinical signs of disease. We previously showed that by utilizing bioluminescence imaging (BLI) we could monitor disease progression in Tg mice expressing a luciferase (luc) reporter driven by the mouse GFAP promoter (Tamgüney et al. 2009 ). In Tg(Gfap-luc) mice, astrocytic gliosis associated with incipient prion disease drives luciferase expression (Zhu et al. 2004 ). The substrate luciferin, delivered by intraperitoneal injection, is oxidized by luciferase to oxyluciferin in an electronically excited state, which upon relaxation to the ground state releases a photon. Because of their 500-nm wavelength, these photons pass through tissue and bone and are detected directly with a sensitive charge-coupled device (CCD) camera. Using this technology, we could detect disease onset in approximately half the time required to observe the onset of clinical signs (Tamgüney et al. 2009 ). We validated BLI in a therapeutic paradigm, dosing with CmpdB. Tg(Gfap-luc) mice expressing the WT level of PrP and bigenic Tg(MoPrP:Gfap-luc) mice overexpressing mouse PrP were inoculated with RML prions, dosed with vehicle or CmpdB, and BLI was performed weekly. In both lines, BLI in CmpdB-treated mice showed suppression of luminescence signal upregulation observed in vehicle-treated controls, indicating that compound efficacy could be determined long before extension in survival was observed ).
2-Aminothiazoles
Compounds that showed potency in the cell assay and good brain penetration by pharmacokinetic studies were advanced to long-term dosing experiments. Consumption varied by mouse and on a daily basis over the duration of the experiment; therefore, dosing level was calculated as an average per cage. 2-AMT compounds were typically dosed at 200 mg/kg per day unless otherwise stated. The first two 2-AMTs tested in efficacy studies, IND24 and IND81, extended survival of Tg(Gfap-luc) mice inoculated with the RML prion strain to 200 d and delayed upregulation of BLI signal (Berry et al. 2013) . Immunoblot analysis of brains from treated mice showed PK-resistant PrP, suggesting the mice ultimately died of prion disease. However, the characteristic threeband pattern of unglycosylated, monoglycosylated, and diglycosylated PrP was altered, leading us to suspect that strain properties were altered following efficacious treatment. To differentiate strains generated by treatment, we refer to them by appending the compound name in brackets following the inoculating strain-RML (Berry et al. 2013) . We then measured the conformational stability of the strains by incubating them with increasing concentrations of GdnHCl (Peretz et al. 2001) (Berry et al. 2013 ). In addition, we quantified the neuropathological changes in the brains of treated mice and determined that the distribution and intensity of vacuolation and PrP deposition was significantly different between RML[IND24] and RML [V] for multiple brain regions (Berry et al. 2013) .
We then tested the infectivity properties of RML [V] (Berry et al. 2013) .
Efficacy of IND24 was tested against two additional strains of mouse-passaged sheep scrapie: 22L and ME7, the former derived from the same original sheep scrapie brain pool as RML but with a different passaging history (Dickinson 1976) , and the latter derived from an independent transmission to mice (Zlotnik and Rennie 1963) . All three strains can be propagated in CAD5 cells. Whereas IND24 showed good potency against RML-infected CAD5 cells, it was lower against ME7 prions, and 22L prions appeared resistant to IND24 in culture at concentrations up to 10 mM . When IND24 dosing was started the day after inoculating WT mice, the survival indices for ME7-and 22L-infected WT mice were 170 and 148, respectively, compared to 173 for RML (Table 2) (Berry et al. 2013; Giles et al. 2015) . Interestingly, IND24 treatment of ME7-infected mice did not appear to alter the strain type; ME7[IND24] was indistinguishable from ME7[V] by biochemical and cell infectivity metrics.
We also tested IND24 against a number of naturally occurring prion strains. Tg mice lacking endogenous expression of mouse PrP (Prnp 0/0 ) but expressing the PrP of the host species (i.e., ovine [Ov] , human [Hu] , or elk) are susceptible to scrapie, CJD, and CWD, respectively. IND24 treatment did not extend survival in Tg(OvPrP)/Prnp 0/0 mice inoculated with SSBP/1 or CH1641 isolates, or in Tg(HuPrP)/Prnp 0/0 mice inoculated with either of the two major sCJD strains (Table 2) . However, Tg(ElkPrP)/Prnp 0/0 mice inoculated with two natural CWD isolates had survival indices of 158 and 220 upon IND24 treatment (Berry et al. 2013 . As with the ME7 strain, IND24 treatment of CWD-infected mice did not appear to alter the strain characteristics, suggesting that the development of resistance may be strain dependent. To show that the differential effects observed were prion strain-specific rather than dependent on the Tg model used, we inoculated mice expressing a chimeric mouse/human PrP transgene, which are susceptible to both RML and CJD prions (Giles et al. 2010) . IND24 treatment of Tg(Mo/ HuPrP)/Prnp 0/0 mice inoculated with RML prions doubled survival, but had no effect on the same mice inoculated with the CJD prions.
Dosing with CmpdB was shown to be less effective the later treatment was started . Surprisingly, when IND24 treatment was started approximately halfway through the normal incubation period for RML-inoculated mice, it produced a similar extension in survival compared to initiating dosing the day after inoculation (Table 2) . However, this relationship was strain-specific, as IND24 showed greatly reduced efficacy in ME7-and 22L-infected mice when dosing was initiated halfway through the respective incubation periods (Table 2 ; Fig. 6A-C) (Berry et al. 2013; Giles et al. 2015) . Further experiments in RML-infected mice showed that starting dosing any later in disease progression had rapidly diminishing returns. When IND24 dosing was started at 75% of the untreated incubation period, no survival extension was observed. Intermittent dosing of IND24 in RML-infected mice further extended survival, but the most dramatic effect was when dosing was initiated two weeks before inoculation, which extended survival almost fourfold (Table 2 ; Fig. 6A ) . Prophylactic dosing is highly relevant to the genetic prion diseases in which carriers have the mutation from embryogenesis but typically do not manifest disease until their fourth or fifth decade.
The second-generation 2-AMT compounds with improved potency in the cell assay were also tested in long-term efficacy studies. Despite similar values for brain exposure for IND125 and IND126 when dosing by oral gavage, efficacy in RML-infected Tg(MoPrP) mice overexpressing mouse PrP was vastly different, with IND125 generating a survival index of 302 (Fig. 6D ) and IND126 generating a survival index of just 120 (Table 3) . This difference may be explained by low bioavailability from the liquid diet for IND126 or induction of cytochrome p450s increasing the rate of metabolism.
IND114338, the pyridine-3-yl analog of IND24, had an almost 20-fold higher cellular potency in the ScN2a-cl3 cell assay, but longterm dosing of WT mice resulted in a survival index of 197, only slightly higher than that of IND24. Another potent 2-AMT derivative, IND126461, has a cyclopropylamide C-ring substitution. This compound had a similar EC 50 value to IND114338 but a 50-fold lower brain exposure following oral gavage. In the Tg(MoPrP) line, IND126461 had a survival index of just 133 (Table 3) .
Interestingly, the neuropathological distribution of PrP Sc in the brains of treated mice differed with each of the compounds. IND125-treated mice, despite surviving three times longer than vehicle-treated controls, had lower levels of PrP Sc than controls in multiple brain regions, with little or no deposition throughout the thalamus and much of the cortex. Despite only moderately Survival index is the ratio of vehicle-to drug-treated incubation periods (all other variables equal), multiplied by 100 (Berry et al. 2013). extending survival, IND126-and IND126461-treated mice also had lower levels of PrP Sc deposition throughout the brain than terminal control mice . In combination with the data on IND24, these changes in neuropathological phenotype suggest that each of the compounds may differentially impact the strain that is propagating, although larger time-course studies and dose response data with various treatments will be needed to uncover these details.
As with IND24, none of the improved 2-AMTs extended survival in Tg mice inoculated with CJD prions, emphasizing the strain specificity of compounds identified with the RMLinfected ScN2a-cl3 assay.
Aryl Amides
The aryl amides were the most highly represented chemical scaffold from HTS, accounting for 15% of the hits ). (Fig. 5 ), which were progressed to long-term efficacy studies. Dosing IND116133 at 200 mg/kg per day resulted in brain levels of 75 mM after 3 d, and continued dosing led to toxicity after about one month. However, dosing at 25 mg/kg per day resulted in a survival index of 181 (Table 4 ) (Giles et al. 2016) . Surprisingly, each of the other three lead compounds led to similar extension in survival despite differing potency in the cell assay and pharmacokinetics: IND114431, IND116135, and IND126256 had survival indices of 220, 233, and 227, respectively, in Tg(MoPrP) mice (Table 4) (Giles et al. 2016) . As with the 2-AMT treatments, each compound appeared to produce a unique neuropathological signature. However, in contrast to IND24 and IND81, treatment with any of the four aryl amide compounds did not significantly change the glycoform ratio. Importantly, when CAD5 cells were infected with brains of mice treated with aryl amides, they propagated strains susceptible to the respective aryl amide, suggesting that drug resistance is not an inevitable outcome of effective antiprion therapeutics (Giles et al. 2016) .
ALTERNATIVE STRATEGIES TO IDENTIFY ANTIPRION COMPOUNDS Complementary High-Throughput Screens
Using a combination of an antiprion cell culture assay and one that detects binding of recombinant PrP to brain-derived PrP Sc (Bertsch et al. 2005) , a library of approximately 20,000 compounds was screened. Following identification of a cluster of hits with the 3,5-diphenyl-pyrazone (DPP) structure, a focused library of DPP analogs was studied with the above assays, together with a cell-free propagation assay based on protein misfolding cyclic amplification (PMCA) (Wagner et al. 2013) . Further testing of a range of analogs in vivo led to the identification of anle138b (Fig. 7A) as the lead compound. In WT mice infected with the RML prion strain, anle138b treatment resulted in a survival index of 198. Although PMCA using human PrP as substrate suggested that anle138b would be effective against human prions (Wagner et al. 2013 ), it did not extend survival of Tg mice infected with CJD brain homogenate . A screen to measure PrP C reduction was developed using a fluorescence resonance energy transfer (FRET)-based methodology. The FRET pair was attached to anti-PrP antibodies with different epitopes recognizing distinct domains on the same PrP molecule. Screening a collection of approximately 1300 drugs approved for human use identified nine hits. Using an orthogonal screen based on cell-surface immunofluorescence reduced this to two: tacrolimus and astemizole. Although both compounds reduced PrP Sc in cell culture, only astemizole was reported to have an effect on survival of RMLinfected mice in which treatment from 13% -34% of the normal incubation period (20 -50 dpi) resulted in a survival index of just 104 (Karapetyan et al. 2013 ).
Oligonucleotides
In an attempt to stimulate innate immunity, CpG oligodeoxynucleotides were dosed repeatedly following prion inoculation (Sethi et al. 2002) . As with the porphyrins, a modest extension of survival was achieved, but only in peripherally inoculated mice when dosing was started within hours of inoculation. Phosphorothioate oligonucleotides (PS-ON), in which the backbone oxygen is replaced by a sulfur atom, are resistant to nucleases and therefore have greater residence times. PS-ON reduced both PrP C and PrP Sc levels in cell culture in a sequence-independent manner. PS-ON were effective when dosed prophylactically in peripherally inoculated mice or when mixed directly with the inoculum before intracerebral inoculation (Kocisko et al. 2006; Karpuj et al. 2007 ).
PS-ON were identified that reduced PrP C and PrP Sc levels in cells. Intraventricular delivery of PS-ON targeting Prnp also reduced PrP C levels in the brain, and when intraventricular treatment was initiated the day after intracerebral inoculation, a survival index of 142 was obtained (Nazor Friberg et al. 2012) .
In Silico Screen
Based on the concept that stabilizing the PrP C structure would stop the formation of PrP Sc , an in silico screen of 320,000 compounds was undertaken to identify those that bind to a pocket in the PrP C structure. There were 59 hits identified that had at least one hydrogen bond to PrP C and also drug-like characteristics. Of these, 44 were tested in a GT1 cell assay propagating the mouse-passaged Fukuoka-1 strain, and one molecule, GN8 (Fig. 7B) , had an EC 50 value of 1 -2 mM. GN8 was dosed subcutaneously starting at 50% of the untreated incubation period or intraventricularly starting at 35% of the untreated incubation period, resulting in survival indices of 114 and 115, respectively (Kuwata et al. 2007 ).
Polythiophenes
Certain polythiophene molecules show conformation-dependent fluorescent spectra and have been used to characterize prion strains in histological sections (Sigurdson et al. 2007 ). Ex vivo experiments showed that these and related polythiophenes also reduced prion infectivity by stabilizing PrP Sc (Margalith et al. 2012 ). Because polythiophenes are unlikely to cross the BBB, mice were dosed by intraventricular delivery; one compound, LIN5001, generated a modest survival index of 136 when given prophylactically and an index of 120 when dosing was started at 30% of the normal incubation period of RML-infected WT mice (Herrmann et al. 2015) . Replacement of the sulfur in the central thiophene ring with selenium increased the prophylactic survival index to 150. Interestingly, molecular modeling based on an unrelated b-sheet amyloid led to the design of LIN5044 (Fig. 7C ) with a survival index of 188 for prophylactic treatment (Herrmann et al. 2015) .
Targeting Toxic Cascades
The precise mechanism by which prion disease leads to neurotoxicity is poorly understood. Synaptic failure and neuronal loss in prion disease is associated with phosphorylation of PERK, which in turn phosphorylates eIF2a causing translational repression. It has, therefore, been posited that promoting translational recovery should be neuroprotective. Expression of GADD34, a specific eIF2a phosphatase, reduced eIF2a-P and slowed neurodegeneration, whereas an inhibitor of eIF2a-P phosphorylation enhanced it (Moreno et al. 2012 ). However, these treatments resulted in survival indices of 103 and 95, respectively. Dosing with the PERK inhibitor GSK2606414 replicated the neuropathological and behavioral recovery but failed to extend survival because of toxicity (Moreno et al. 2013) . The small molecule ISRIB restores translation downstream of eIF2a. ISRIB administration in prion-infected mice was initiated at 60% of the untreated incubation period and was neuroprotective, but it led to a survival index of only 105 because of excessive body weight loss (Halliday et al. 2015) .
Another study showed that prion infection activated 3-phosphoinositide-dependent kinase-1 (PDK1). PDK1 reduces the sheddase activity that cleaves PrP C , which in turn increases PrP Sc . Conversely, inhibition of PDK1 should increase PrP C shedding and potentially extend survival of prion-infected mice. As with GSK2606414 and ISRIB, long-term dosing with the specific PDK1 inhibitor BX912 (Fig. 7D ) is known to be toxic. When 22L-infected WTmice were treated with BX912 at 75% of the untreated incubation period, it produced a survival index of 117 (Pietri et al. 2013) . Interestingly, BX912 shares a structural similarity to GN8. Whether the antiprion effect of BX912 acts through the stabilization of PrP, or GN8 acts as a PDK1 inhibitor, remains to be determined.
The Notch-1 intracellular domain (NICD) is generated from the g-secretase catalyzed cleavage of Notch-1. NICD is increased in the brains of prion-infected mice preceding dendritic atrophy and loss, and is decreased by the g-secretase inhibitor LY411575. Dosing RMLinfected mice with a combination of LY411575 and quinacrine starting at 40% of the incubation period reduced PrP Sc and prevented dendritic atrophy and loss; however, the toxicity of LY411575 meant no extension in survival was observed (Spilman et al. 2008) .
CONCLUSION
Although none of the antiprion therapies reported to date have shown efficacy in a CJDinfected mouse model, the screening paradigm and medicinal chemistry efforts outlined above describe the most effective antiprion therapeutics reported to date. Developing a cell line for the propagation of human prions remains a top priority, on which the same drug discovery paradigm will be repeated. The mechanisms of action for many of the compounds reported above are not yet determined, and, ultimately, a therapeutic strategy for prion diseases may require multiple complementary methods of intervention.
With the understanding that more prevalent neurodegenerative diseases, such as Alzheimer's and Parkinson's, progress via conformational templating of misfolded proteins, the HTS studies outlined above (and potentially even some of the compounds themselves) may provide a paradigm to accelerate the discovery of drugs to address the growing societal challenges caused by these devastating diseases.
